Experimental evidence of s-wave superconductivity in bulk CaCg 
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The temperature dependence of the in-plane magnetic penetration depth, \ a b(T), has been mea- 
sured in a c-axis oriented polycrystalline CaCe bulk sample using a high-resolution mutual in- 
ductance technique. A clear exponential behavior of X a b(T) has been observed at low tempera- 
tures, strongly suggesting isotropic s-wave pairing. Data fit using the standard BCS theory yields 
A a6 (0) = (720 ± 80) A and A(0) = (1.79 ± 0.08) meV. The ratio 2A(0)/fc B T c = (3.6 ± 0.2) gives 
indication for a conventional weakly coupled superconductor. 

PACS numbers: 74.25.Nf, 74.70.Ad, 81.05.Uw 



The recent discovery of superconductivity at 6.5 K 
and 11.5 K in the graphite intercalation compounds 
(GICs) YbC 6 P| and CaC 6 0, Q respectively has re- 
newed the theoretical interest in the physical properties 
of this class of materials 0. Graphite intercalated 

with alkali-metals was known to undergo a normal-to- 
superconducting transition since 1965 [6j, with T c in- 
creasing with a larger alkali-metal concentration (highest 
T c of 5 K for NaC 2 0)- Superconductivity in GICs with 
rare-earth metals was first discovered with the synthesis 
of YbC6- CaC6 firstly showed traces of superconductiv- 
ity in a reduced quality sample [[J, and only recently a 
clear transition has been put in evidence in high quality 
bulk samples @|. These results open new perspectives 
in the physics of graphite. Its low conductivity can be 
greatly enhanced by a large number of reagents, contin- 
uously changing from a semimetallic to a good metallic 
behavior. The discovery of superconductivity at easily 
reachable temperatures can be helpful in understand- 
ing the correlation between the charge transfer to the 
graphene layers and T c . It has been also proposed Q 
that a deeper comprehension of the pairing mechanism 
in GICs can shed a light on the intrinsic or proximity- 
induced superconductivity reported in carbon nanotubes 
0, which are at the core of nanotechnology research. 

The atomic structure of first stage GICs with met- 
als usually consists of a stacking of graphene sheets (ab 
plane) arranged in a hexagonal configuration, with the 
intercalated atom occupying interlayer sites above the 
centres of the hexagons. As shown by Emery et al. [Icj . 
CaC6 is the only member of the MCg metal-graphite com- 
pounds exhibiting a rhombohedral symmetry. 

One of the main open questions making GICs an in- 
teresting class of superconducting materials is related to 
the nature of the pairing mechanism, whether it is driven 
by an ordinary electron-phonon interaction Q, 0| or due 
to electronic correlations The possibility of an un- 



conventional, excitonic or plasmonic, origin of supercon- 
ductivity in GICs has been invoked because of the na- 
ture of the energy bands in these compounds. The in- 
tercalant atoms act as donors, thus producing a charge 
transfer to the carbon layers. This results in partially 
filled, mostly 2D in character, graphite ir bands. In ad- 
dition, in all compounds exhibiting superconductivity an 
interlayer 3D s-band, well separated from the graphene 
sheets and formed by nearly-free electrons propagating in 
the interstitial space, crosses the Fermi surface and hy- 
bridizes with the 7r bands. It is interesting to note that 
the stronger is the hybridisation the higher is T c Q. A 
sandwich structure consisting of alternate layers of metal 
and semiconductor has been suggested as a favorable en- 
vironment for the excitonic mechanism since the metal 
"free" electrons can tunnel into the gap region of the 
semiconductor and interact with the excitons Low- 
energy plasmons have been proposed as the dominant 
contribution to superconductivity in metal-intercalated 
halide nitrides [12j . The recent analysis by Calandra 
and Mauri Q and Mazin and Molodotsov however, 
points out that a simple electron-phonon interaction be- 
tween the intercalant s-band electrons and Ca in-plane 
and C out-of-plane phonons in CaC6 and Yb phonons in 
YbCg may be sufficient to explain superconductivity in 
these GICs. 

All that said, it seems clear that the experimental chal- 
lenge for understanding the origin of superconductivity 
in these compounds should focus on the mechanism de- 
termining the pairing and on the role played by the in- 
terlayer s-band. A first step in answering these questions 
is to determine the symmetry of the superconducting 
gap function and the nature of the elementary excita- 
tions. The magnetic penetration depth A is known to 
be a very sensitive probe of the low-lying quasiparticles 
energy, and it is capable to give information which are 
significant on the A(0) scale rather than on the coherence 
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length £(0) scale, as it occurs in other spectroscopic tools. 
This corresponds to probe the true "bulk" properties of 
a homogeneous superconductor. To this aim, we have 
performed the first high-resolution measurement of the 
in-plane magnetic penetration depth \ a b(T) on a c-axis 
grown polycrystalline sample of CaCg- We find clear ev- 
idence of an exponentially activated behavior of A a b(T), 
consistent with an s-wave symmetry of the gap function. 
In particular, the gap deduced from the data fit is in full 
agreement with the BCS weak coupling value (3.52), thus 
supporting a phonon- mediated nature of superconductiv- 
ity in this compound. 
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- T c by using a single-coil mutual inductance technique 
described in detail elsewhere • Typical frequency and 
magnitude of the inducing field B ac perpendicular to the 
film surface are 2-4 MHz and < 0.1 mT respectively. Care 
has been taken to always operate in the linear response 
regime, monitored by varying the applied magnetic field. 
No significant edge effects are expected in samples equal 
or larger than two times the coil diameter d, as in the 
present case (d=0.8 mm) 
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FIG. 1: T c inductive characterization of CaC6- At the super- 
conducting transition a large change in the resonant frequency 
fo (□) and amplitude A (O) of the oscillating signal is 
observed. The arrows indicate the transition width AT C . 
The solid lines are a guide for the eye. 

Bulk CaC6 has been synthesized from highly oriented 
pyrolytic graphite 0, [Hj- The reaction is carried out 
for ten days between a pyrolytic graphite platelet and 
a molten lithium-calcium alloy at around 350° C, under 
very pure argon atmosphere. The reactive alloy has to be 
very rich in lithium, with a composition between 70 and 
80 at.% of Li. Despite such a low calcium concentration, 
no lithium is present in the final reaction product and cal- 
cium alone is intercalated into graphite. For a more de- 
tailed description of the technique see 0] and references 
therein. The resulting samples are platelike polycristals 
with the c-axes of all the crystallites forming the highly 
oriented graphite parallel to each other, whereas in the 
perpendicular plane the material is disordered, leading 
to an average of a and b directions, denoted as ab. The 
data presented here have been taken on a sample having 
a roughly rectangular shape of about 2.5x2.5 mm 2 and 
thickness of 0.1 mm. The as grown samples are shiny and 
silver in color but tarnish quickly in air. To ensure that 
the analysis is performed on a clean and non-reacted sur- 
face, we have studied the same sample before and imme- 
diately after cleaving it. We have measured the in-plane 
magnetic penetration depth \ a b(T) in the range 1.8 K 
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FIG. 2: a) Variation of the in-plane magnetic penetration 
depth up to T c for the sample under test before (A) and 
after cleavage (O). b) The same as in fig. 2a, but at low 
temperatures (T < T c /2). The solid lines represent the 
BCS fits (see text). 

In Fig. 1, we report the inductive characterization of 
the critical temperature by observing the behavior of the 
resonant frequency fn and the signal amplitude Aq in the 
transition region [14|. The onset of superconductivity 
is at T° n = (11.46 ± 0.05) K with a transition width 
AT C = (0.40 ± 0.05) K. No difference has been found 
either in T° n or in AT C before and after cleaving the 
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sample. In fig. 2a we show the change of the in-plane 
magnetic penetration depth in the overall temperature 
range for the sample under test before and after cleavage. 
A much larger variation is observed in the former case, 
in comparison with the freshly cleaved sample. At low 
temperatures (fig. 2b) this feature is even more evident. 



inductively measured superconducting "bulk" transition 
is not affected by the degraded layer. For this reason, 
the discussion on the experimental data will focus only 
on the freshly cleaved sample. Using the results of the 
BCS fit at low temperatures, we have then tried to de- 
duce the London penetration depth in the ab plane over 
the whole temperature range from the relation [rH |: 
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FIG. 3: Normalized superfluid density versus the reduced 
temperature for the cleaved sample (O). The short dash- 
dotted and the continuous line represent the weakly cou- 
pled BCS model in the clean and in the dirty limit re- 
spectively. The dotted line shows the two fluids behavior. 

We firstly analyze the above results at low tempera- 
tures within the framework of a standard BCS s-wave 
model. According to the theory, the temperature depen- 
dence of AA a b is proportional to the fraction of normal 
electrons in the low temperature limit (T<T e /2J and fol- 



lows a thermally activated behavior given by 
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where A(0) is the zero-temperature superconducting gap. 
In fig. 2b we report also the result of a fit procedure per- 
formed by using eq. (1) on the measurements carried out 
before and after cleavage (solid lines). In both cases the 
BCS single-gap model well describes the data. In partic- 
ular, for the freshly cleaved sample the fit is extremely 
good, yielding the following superconducting parameters: 
A(0) = (1.79±0.08) meV and A afc (0) = (720±80) A. The 
ratio 2A(0)/fc B T c is then evaluated to be (3.6±0.2). Be- 
fore the cleavage, the same fit on the sample data gives a 
zero-temperature penetration depth almost doubled and 
a zero-temperature gap lowered by 30%. Such a differ- 
ence in the behavior is very likely due to the presence 
of a thin (on the scale of A(0)) reacted layer on the un- 
cleaved sample surface, having depressed superconduct- 
ing properties. This is confirmed by the fact that the 
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where £ a fe(0) is the zero temperature in-plane coher- 
ence length, i TO ./.p.(0) is the mean free path, and J(0,T) 
is the real-space kernel valid for a local electrodynamic 
response. The local limit can be safely used because 
£ab(0) = 350 A < A(0), by magnetization measurements 
performed in samples from the same batch (jj. The fit 
shows that the screening response of the CaCg sample 
is definitely in the dirty limit (Z m ./. p .(0) < £afe(0)). This 
can be also seen plotting the normalized superfluid den- 
sity n s (T)/n s (0) = [A(0)/A(T)] 2 (fig. 3). The experi- 
mental curve lies just between the clean local BCS limit 
and the two fluid behavior and it is well described by the 
BCS calculation in the dirty limit ^1 using the following 
equation: 
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This procedure allows us to confirm that the electrody- 
namic response of CaCg follows a single-gap s-wave be- 
havior throughout the entire temperature range. How- 
ever, nothing can be reliably said on the value of the 
mean free path and of the zero-temperature London pen- 
etration depth Al(0). A precise estimation of Z m ./.p.(0) 
confirming our conclusions must await an independent 
experiment. All that we can say is that, very likely, the 
dirty limit response is due to the presence of a certain 
amount of disorder in the Ca distribution during the in- 
tercalation process [lij . 

Since the variation of the magnetic penetration depth 
AA(T) is proportional to the fraction of normal elec- 
trons in the low-temperature limit, it is useful to com- 
pare for CaCe this quantity versus the reduced temper- 
ature t = T/T c with data taken using the same tech- 
nique on different superconductors: an optimally doped 
YBa 2 Cu 3 07-,5 (Y123)single crystal 0, a YBa 2 Cu 4 8 
(Y124) single crystal |20J and an epitaxial NbN thin film 
[2l( (fig. 4). In accordance with the d-wave model cur- 
rently adopted for cuprates, AA(T) follows a linear de- 
pendence for Y123 and Y124 samples. In the case of 
the s-wave BCS conventional superconductor NbN, the 
low energy quasiparticle excitation rate is strongly re- 
duced at low temperatures. The comparison shows that 
CaCe behaves as NbN does, providing a further clear ev- 
idence of the fully gapped nature of superconductivity in 
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FIG. 4: Low temperature variation of the in-plane magnetic 
penetration depth for different superconductors: a Y124 sin- 
gle crystal (□), a Y123 single crystal (0), a NbN epitaxial 
thin film (v) and the CaC6 c-axis oriented polycristalline 
sample under test (O). 

this compound. The ratio 2A(0)/fc B T c is in very good 
agreement with the BCS theoretical prediction for a con- 
ventional weakly phonon-coupled superconductor: by us- 
ing the predicted values for the electron-phonon coupling 
A=0.83 and the logarithmic averaged phonon freq uency 
ujin = 2A.7meV 0, the expected ratio is 3.69 [13], that 
perfectly matches the measured value. 

Finally, it is worth to mention that GICs were be- 
lieved to be an example of two-band gap superconduc- 
tivity due to the crossing of the Fermi surface by both 
the graphite sheet n bands and the intercalant layer s- 
band |23j. However, an attempt to fit the measurements 
using a two-band gap model [24] does not provide any ad- 
ditional information simply because a single-gap analysis 
is fully capable to describe the data within a few percent 
indetermination. This result agrees with the prediction 
of Calandra and Mauri || that the contribution from the 
7r bands is too small to sustain the superconductivity in 
CaC6- The main contribution seems therefore to be as- 
cribed to the Ca s-band electrons coupled with C out-of 
plane and Ca in-plane phononic modes, thus giving origin 
to a single gap s-wave superconductivity. 

In conclusion, we have reported the first measurement 
of the magnetic penetration depth in bulk C&Cq. A stan- 
dard s-wave BCS model can account for the low temper- 
ature experimental data, allowing a precise estimation of 
some superconducting parameters (A(0) = (1.79 ± 0.08) 
meV and A a &(0) = (720 ± 80) A). The measured ra- 
tio 2A(0)/fc B T c = (3.6 ± 0.2) is in excellent agreement 
with a weakly phonon-coupled model of superconductiv- 
ity. These results are in our opinion an important evi- 
dence in favor of a conventional nature of superconduc- 
tivity in GICs. 
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